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Abstract

We will presentan overview of the CLARAtyarchitecture
whichaimsat developingreusablesoftwarecomponentsor
robotic systems. Thesecomponentsareto supportauton-
omy software which plansand schedulegobot actities.
The CLARAtyarchitecturemodifiesthe corventionalthree-
level roboticarchitecturénto anew two-layereddesign:the
FunctionalLayer andthe DecisionLayer. The Functional
Layer providesa representationf the systemcomponents
and an implementationof their basicfunctionalities. The
Decision Layer is the decisionmaking enginethat drives
theFunctionalLayer. It globally reasons@bouttheintended
goals,systemresourcesandstateof the systemandits en-
vironment. The FunctionalLayeris composedf a setof
interrelatedobject-orientechierarchiesconsistingof active
andpassve objectsthatrepresenthedifferentlevelsof sys-
tem abstractions.In this paper we presentan overview of
the designof the FunctionalLayer The FunctionalLayer
is decomposedhto a setof reusablecore componentand
a setof extendedcomponentshat adaptthe reusablesetto
differenthardwareimplementations.The reusablecompo-
nents:(a) provide interfacedefinitionsandimplementations
of basicfunctionality, (b) provide local executive capabili-
ties, (c) managdocal resourcesand (d) supportstateand
resourcajueriesby the DecisionLayer.

1 Intr oduction

With the increasednterestin developingroversfor future
Mars exploration missions,a significantnumberof rover
platformshave beendesignedandbuilt in thelastfew years.
Researcherandengineeratthe JetPropulsionLaboratory
Callifornialnstituteof TechnologyNASA Centersanduni-
versitiesusetheseplatformsto testnew conceptsandvali-
datealgorithmsfor the controlandoperatiorof autonomous
roboticvehicles.Becausef the differencesn the mechan-
ical andelectricaldesignof thesevehicles they sharelittle
in termsof software infrastructure. Transferringcapabili-

tiesfrom onerover to anotherhasbeena major and costly
endeaor becausef{i) physicalcapabilitiesdiffer from one
rover to another (ii) rovershave differentcontrol andsoft-
warearchitecturesand(iii) roversarecomplex systemghat
integratemary disciplines.Becauseaoboticssystemsover
severaldomainareasresearchersf asingledomainneedto
integratetheirnewly developedechnologyinto thecomplec
roboticervironment.Propelintegrationrequiresanin-depth
understandingndcharacterizatiomf the behaior of vari-
ous component®of the system,which vary from one plat-
form to another

The CLARAty architecture,which standsfor Coupled
LayeredArchitecturefor RoboticAutonomy, aimsat devel-
opingflexible andreusablesoftwarecomponentsor robotic
systemg20]. Thesecomponentsireintendedo supportau-
tonomysoftwarewhich plansandschedulesobotactuities.
The CLARAtyarchitecturemodifiesthe corventionalthree-
level roboticarchitecturénto anew two-layereddesign:the
FunctionalLayer andthe DecisionLayer. The Functional
Layer providesa representationf the systemcomponents
and an implementationof their basicfunctionalities. The
Decision Layer is the decisionmaking enginethat drives
the FunctionalLayer.

Oneof our goalsis to provide a designthat allows non-
expertsin a domainto useandintegratethesecomponents
in their applications. To do so, we needto capturewell-
understoodndwell-developedknowledgefrom thevarious
domainsinto generalizeccomponents.Justlike an operat-
ing systemprovidesa level of abstractiorfrom the compu-
tational hardware, so doesthe FunctionalLayer provide a
level of abstractiorfor theroboticsystems.

2 Background

Therehasbeensereraleffortsfocusecbndewelopingrobotic
architecturesTypical robotandautonomyarchitecturesre
comprisedf threelevels- Functional Executve,andPlan-
ning levels [1] [10] [17]. Somearchitectureemphasized
oneareaoverothersandthusbecamemoredominantin that



domain. For example,somearchitectureemphasizedhe

planningaspectf the system[7] [8], othersemphasized
the executive [4] [18], while othersemphasizedhe func-

tional aspectsf the system[19] [14] [16]. Thereis on-

goingresearchn actuvities aimedat blurring thedistinction

betweenthe planningand executive layers[9] [11]. Other

architecturesdid not explicitly follow this typical break-

down. Somefocusedon particular paradigmssuch as a

fuzzy-logic basedmplementatior{12] or a behaior-based
implementation[2] [5]. There hasbeenconsiderableef-

fort in architectureshataddressedhultiple andcooperating
robots[15] [13].

One differencebetweenthe CLARAtyarchitectureand
the corventionalthree-level architecturess the explicit dis-
tinction betweenlevels of granularityandlevels of intelli-
gence In corventionalarchitecture®othgranularityandin-
telligencewerealignedon oneaxis. As you move to higher
abstractionf the system,intelligenceincreases.This is
nottruefor the CLARAtyarchitectureyereintelligenceand
granularityare on two differentaxes. In otherwords, the
systemdecompositiorallows for intelligentbehaior atvery
low levelswhile still maintainingthe structureof the differ-
entabstractiorlevels. This is similar in conceptto hybrid
reactve anddeliberatie systems.

3 A Component-Based System De-
composition

3.1 ExposingBehavior or Runtime Model

The properdecompositiorfor a genericrobotic system,in
large,depend®nwhatelementof thesoftwarearetargeted
for reusen futureapplications Onedecompositionfor ex-
ample,canhighlighttheruntimemodelof thesystemwhile
anothercanhighlightthe behaior of thecomponentsf the
systemhiding the runtime modelsand their implementa-
tions. Underdifferenthardware architecturesthe runtime
implementatiorof componentsnay changenakingit desir
ablefor encapsulationThe ControlShellsoftware[16], for
example,is a commercialpackagethat highlightsthe run-
time behavior of a systemproviding a closemonitoring of
its runtimemodels. Alternatively, our decompositiorhigh-
lights the behavior of the componentof the systemwhile
hiding their runtime modelsand their implementationde-
tails.

The behaior of componentsis usually less likely to
changeacrossapplicationsandhencecanbe abstractednto
a genericform. To illustratethis point, considerthe exam-
ple of a motion control systemwhich can be represented
by genericMot or and Coor dMbt or s componentsEv-
ery robot systemhas an internal motion control architec-
turethatreflectsthe controlhardware. Eachhardwarecom-
ponentintroducesarchitecturalconstraintson the system.
In oneimplementationpne might usecommercialoff-the-
shelf(COTS) motioncontrolboards.In asecondmplemen-
tation, one might use customdesignedboardswith COTS

chips. In a third implementationpnemight closethe feed-
backloop usingsoftware runningon an embeddegroces-
sor. While theseare threedifferentimplementationof a
motion control system,the behaior requirementsof the
controlledmotor arethe same. In ary of theseimplemen-
tation, you would still like to do positioncommandingye-
locity profiling, andtrajectorycontrol. Youwould alsolike
to detectandreportstall conditionsandbe ableto interrupt
the motion. You would alsolik e to readthe currentandde-
sired positions,velocities,accelerationsand healthstatus.
For apersordevelopingvision-basechavigationcomponent
for a mobile robot, it is only necessaryo understandhe
behaior of the componentatherthanbe requiredto have
intimateknowledgeof theimplementatiorandhardwarede-
tails. Nor shouldthey have a particularimplementatiorin-
adwertentlyinfluencetheirdesignof vision-basechavigation
algorithms. The Mot or and Coor dMot or s arean ab-
stractrepresentatiofor motioncontrolthatdefinewhatthe
componentsiresupposedo do. Thesecomponentsidethe
detailsof theimplementatiorwithout compromisingpartic-
ular featuresof the hardware.

Anotherexampleis that of animagingsystem.The pri-
mary function of sucha systemis to acquireimages.How
theimagingsystemacquiregheimagedependslargely, on
its implementation.In somesystemsan analogcamerais
connectedo a framegrabbermountedin a computational
backplane.In othersystemsa digital camerais usedand
the imageis transmittedthrougha fast serialinterfacedi-
rectly to thehostmemory In eithercase the primaryfunc-
tion of the imaging systemremainsthe same,i.e. to ac-
guireimages We canrepresensucha systenby anabstract
Caner a componenthatpublishesa uniform interfacefor
acquiringandsynchronizingmageacquisitionbut hidesthe
detailsof its implementatiorandthe runtimemodels.

3.2 ComponentClassification

We will presenta classificatiorbasedon the abstraciphys-
ical andfunctionalcomponent®f the systemthatwe have
beenevolving over severalyears.We useanobject-oriented
systemdecompositionto provide several abstractionsor
the componentf the systems. Physicalabstractcompo-
nentsareextendedo concretecomponentshattie into real-
systemor to simulationcomponentshattie into virtual sys-
tems. Componentsare implementedusing classes. The
termsareusedinterchangeablyn this article.

Therearethreemain typesof classesn our Functional
Layer: (1) datastructureclasses(2) genericclassegphys-
ical and functional), (3) specializedclasseqphysicaland
functional). All three types of classescontain domain
knowledgefrom differentdisciplines.They areintegratedn
a framawork to maximizecodereuse eliminateduplicated
functionality, and simplify codeintegration. As a result,
therearerelationshipsanddependencieamongthe various
classesTogethethey provide amodularbut well-integrated
solution.

Next, we will describethesedifferenttypesof classes.
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Figurel: Variousclassesusefulfor roboticapplications

A descriptionof the relationshipsamongthesecomponents
will follow.

3.3 Relationshipsamong the Different Com-
ponents

Therearetwo typesof relationshipsamongthesecompo-
nents: inheritance,and aggrayation [6]. As we have just
seentherelationshipbetweergenericandspecializedom-
ponentsis that of inheritance. Specializedclassesare de-
rived from the genericclasses. Both genericand special-
ized classesare of the sametype. In aggreation, how-
ever, the aggrgatedcomponenthasa differenttype than
that of the aggreyate. Aggregationis usedto provide com-
ponentswith differentlevels of granularity For example,a
Mani pul at or classaggreyatedowerlevel Mot or class
and Li nk classobjects.

Thereasorwhy suchadecompositiorof roboticsystems
is possibleis that componentst the lower levels of gran-
ularity canbe implementedwith little or no knowledgeof
their neighboringcomponentsln otherwords,the coupling
amonglow-level componentss loosefor the mostpart. The
couplingamongthesecomponentincreasesiswe move to
higherlevel components.Higherlevel componentsaggre-
gatelower-level componentand managehe interactionof
their subordinatecomponents.This approachabstractghe
functionality of componentandreduceghe compleity of
the systemsignificantly

4 Data Structure Classes

Thedatastructureclassesreclasseshatprovide handling,
transformationand storageof data. One characteristicof
datastructuresis that they do not have ary executve ca-

pability, making them the easiestto implementand port
on multiple operatingsystems. While their efficiency is
veryimportant,they themselesdo notinvoke otherthreads
(tasks). However, they mustbe reentrantto supportbeing
simultaneouslyexecutedby differentthreads.

Data structuresare the mostreusedcomponentsn the
system. Thereis not a singledatastructurethat dominates
in the architectureput thereare severaltypesthatareused
throughoutthe FunctionalLayer. The challengein the de-
sign of datastructureds to enhanceheir reusabilityacross
thedifferentroboticdomains.

There are two types of data structuresrelevant to our
discussion: (1) general-purposealata structures,and (2)
domain-specifidatastructuresGeneral-purposeatastruc-
tures are reusablebeyond the scopeof robotics applica-
tions. Therefore whenever suitable, we leveragestandard-
ized developmentsof thesegeneraldata structures,such
asthe StandardTemplateLibrary [3]. Wheneer suchim-
plementationsrenot availablefor real-timeoperatingsys-
tems,or whene&er they imposeconstraintghat are not ap-
propriatefor robotic applicationswe replacethemwith al-
ternatve customizedmplementationgnaintainingthe same
interface. Examplesof general-purposealata structures
are: Array, Vector, Matri x, Bit, LinkedLi st,
Map, Container, String andso on. Examplesof
domain specific data structuresare: | mage, Message,
Resource, Locati on, HTrans(homogeneougrans-
formation), Quat er ni on andsoon.

Somedomainsimposecertainconstraintson the design
and implementationof their data structures. For exam-
ple, a two-dimensionakrray classcreatedby instantiating
a vectorof a vectorusingthe vect or classof the Stan-
dard TemplateLibrary (STL) cannotsene asa parentfor
our Mat ri x class,whichin turnis a parentclassfor our
| mage class.The | mage and Mat ri x classesnusthave
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contiguousmemory allocationsof their elementsfor effi-

cientprocessingThe processingequirement®f thesetwo

derived classesmposecertainconstraintson the designof

their baseclass. In otherwords, a trade-of is madein fa-
vor of efficiency overflexibility of the datastructurewhich

influencesthe designof the Array/Mat ri x/I nage hi-

erarchy Figure 2 shows the currentrelationshipsbetween
thesedatastructuresxpressedisingthe Unified Modeling
LanguaggUML) [6].

5 GenericClasses

Genericclassesareclasseghatprovide anabstracdescrip-
tion and implementationof the behaiior of a component.
Genericclassescan be active, i.e. their objectscan gen-
erateseparateéhreadsof executionandrun within multiple
threads.In otherwords, theseclassesanhave local exec-
utive capability For example,a Mot or classcangenerate
two threadsof execution: onefor controlandthe otherfor
feedback. Someclasseslso have local planningcapabili-
ties. Therearetwo typesof genericclassesgenerigphysical
classegGPC)andgenericfunctionalclassefGFC).

5.1 GenericPhysical Classes

A genericphysicalcomponen{GPC)is a classthatdefines
thestructureandbehavior of a physicalobjectin anabstract
sense.Thesetype of classesxposethe capabilitiesof the
componentindependentf theunderlyinghardwareconfig-
uration. Someof theseclassediave partialimplementations
sincethey areeventuallyattachedo physical/simulatiorob-
jects that completetheir implementation. The objectsto
which they attachare of the sametype. The extent of the
implementatiordependn the knowledgeavailableto that
classat that particularlevel of abstraction. Examplesof
suchclassesre: Mot or, Joi nt, Weel , Arm Mast,
Loconot or, Rover, Caner a, Fi | t er Wheel , Gyr o,
Di gital | O Anal ogl O, Socket, and SunSensor .
Thesecomponentappearat differentlevels of granularity
in the FunctionalLayer. Figure3 shavs anillustrationof a
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Figure3: A typical genericphysicalcomponenstructure

typical genericphysicalcomponent.The characteristic®f
thesegenericcomponentsrethatthey:

e Represenénabstractiiew of a physicalentity.

e Attach to concretephysicalclassesf the sametype.
The physicalclassescompletethe implementationof
thegenericclassinterface.

e Provide genericpublic interfacesthat supportsdiffer-
entphysicalimplementationsTheinterfacesdefinethe
functionalityandservicesof thecomponent.

e Provide theruntimemodelfor component operation.

e Managelocal atomicresourcesandresol\e local con-
flicts.

e Encapsulat¢he statesof acomponentandprovide ac-
cessto the statesthroughtheir public interface. The
DecisionLayer canqueryary stateof acomponentt
ary time.

e Provide local state estimationbasedon information
availablewithin the scopeof the component.May at-
tachto externalgenericestimatorge.g. KalmanFilter)

e Provide resource usage prediction in responseto
gueriesfrom the DecisionLayer.

e May have internalstatemachines.

e May includeor referenceothergenericphysicalcom-
ponents.Suchcomponentare madepublicly accessi-
ble to allow accesdo subordinates.

5.1.1 The St at e and St at eHand| er Classes

Componentaise statevariablesfor logging, tracking, and
recovery stratgies. Componentgan have numerousstate



variablesdependingon what statesareinterestingto a par
ticular application. State information can have different
forms. It maybecontainedn a softwarevariableor a hard-
wareregister To trackhardwareregisters,statevariableare
createdo mirror theseregisters.Doing so enablegracking
andlogging of a particularstatefor planningandrecovery
purposesTypical componentganhave tensof states.

A St at e classis designedto provide a uniform han-
dling of all statevariables. The St at e is a template-
basedclass that wraps the actual state variable. State
variablescan be representedy integers, vectors, matri-
ces, bit patterns,and so on. The St at e classtracks
transitions,time-tagsand logs statehistory. Internal state
machineskeeptrack of currentstatesand allowable state
transitions. The St at e classcan attachto an external
St at eHandl er class,which provides additional global
functionalitysuchastheperiodicmonitoringof any selected
subsebf the systems states.Suchstatetrackingcanbe se-
lectively disabledor completelyeliminatedfor applications
thatdo notrequirethis feature.

State information can only be accessedhrough the
state query interface. Statescan be internally moni-
tored by the componentor externally monitored by the
St at eHandl er , other componentspr by the Decision
Layer. A public or private operationof a particularcom-
ponentcancreatea new internalthreadto monitor a state
variable and act on statetransitions. A single statecan
be monitoredby several componentssimultaneously(i.e.
from severalthreadsof control). To do sosuccessfullythe
St at e classimplementatiormustbereentrant.

5.1.2 StateEstimation

Like statevariables,the state estimationcan have differ-
entforms. The estimationof the local stateis implemented
within the scopeof thecomponenandmaybeimplemented
in software,hardware,or a combinationof both. If thereis
redundang in theinformationavailableto acomponentit is
usedto provide betterestimateof the state. While estima-
tion of astateis typically limited to theknowledgeavailable
to the componentmore sophisticatedstimatesanbe ob-
tainedby queryinghigherlevel componentshathave larger
scope.Stateestimationoccursuponrequestgitherexternal
or internal,atwhichtime thecomponenexecutegheproper
estimationoperationupdateghe statevariable, andreturns
theestimate.

5.1.3 ResourceQueries

In additionto statequeries,thesecomponentsupportre-
sourcequeries. At ary time, a componentan be queried
abouttheresourcesequiredto executeanoperationandre-
turnsthe informationto the client. Theinformationcanbe
in the form of a single number a vectorpresentinghe re-
sourceusageprofile, or a setof profiles.

5.1.4 Local Executionand Planning

Both genericphysicalandfunctionalcomponentganhave
local executive andplanningcapabilities.While this is lim-
ited to thescopeof thecomponenthigherlevel components
enjoy executive control over their subordinatesGlobal re-
sourcessuchaspowerandmemory thatcoupleall compo-
nentsof the systemaremanagedy the DecisionLayer. In
somesense the FunctionalLayer provides differentgran-
ularity of baselinefunctionality for the Decision Layer.
Higherlevel componentfidethecomplexities of their sub-
ordinates.

5.2 Generic Functional Components

A genericfunctional class(GFC) is an abstractclassthat
describeghe interfaceandfunctionality of a genericalgo-
rithm. It providesa framework for implementingcomplec
functionalalgorithms.A genericfunctionalclasscanhave a
completeimplementatiorof its functionality becausaét in-
terfaceswith genericphysicalclasses.Genericfunctional
componentsresimilarin structureto genericphysicalcom-
ponentsexceptthatthey do not attachto hardwareor simu-
lation componentsExamplesf genericfunctionalcompo-
nentsare: Tr aj ect or yGener at or , Obj ect Fi nder,
Vi sual Navi gat or, StereoVision, and Local -
i zer. The St at e classpresentedabove is also an ex-
ampleof a genericfunctionalcomponent.

Generic functional componentsmay sometimesuse
genericphysicalcomponentsn their implementation. An
exampleof sucha classis the Vi sual Odonet er class.
Thisclassmplementsanalgorithmthatcombinesobotmo-
tion estimateswith visual informationto provide accurate
positionestimates.t usesthe Camner a (GPC)classto ac-
quire successie imagesandthe Loconot or (GPC)class
to get a dead-rechning estimateof the robot's motion. It
thencombinegheinformationto provide an a refinedesti-
mateof the robot’s position. Anotherexampleof a generic
functional componentis the Rover Local i zer class,
which usesstereovision from the mast of the rover to
improve position estimation. This class uses generic
Mast and Carer a classesn its implementation.

Similar to genericphysical componentsgenericfunc-
tional componentpublishtheirinterfacesandhidetheirin-
ternalimplementations. The complexity of thesecompo-
nentsvariesfrom onetypeto another However, they should
all provide aneasyto useinterfacefor the novice user

In addition to executive capabilities, certain generic
functional componentsnay have local planning capabili-
ties. Onesuchexampleis the Vi sual Navi gat or class,
which uses vision to plan paths and avoid obsta-
cles. The Vi sual Navi gat or classusesCaner a and
St er eoVi si on classedor imageacquisitionandthree-
dimensionamapgeneratiorrespectiely. Usingthis infor-
mation, it plans a feasible path in its ervironment. The
Vi sual Navi gat or classhaslocal planningcapabilities
consideringonly the knowledge of its aggregatedcompo-
nents.If the Vi sual Navi gat or classis capableof gen-



eratingmultiple paths theresultswill bereportedo theDe-
cisionLayerfor afinal selection.The DecisionLayerhasa
larger scopethanthe Vi sual Navi gat or classandcar
ries out global planningand optimizationtaking into con-

siderationresourceconstraintsand othergoal requirements

of thesystem.

6 SpecializedClasses

Specializedtlasseareextensionf thegenericclasseshat
adaptthe genericcomponentgo a particularrobotic plat-
form. This is known asthe adaptationprocessand these

specializedclassesare also known as the adaptorclasses.

Specializedclassescompletethe implementationof their
genericcounterpart&nd may overridesomedefaultimple-
mentationf necessary

Similar to their genericcounterpartsthesespecialized
classexanhave executive capabilities.Theseexecutive ca-
pabilitiesencapsulatéhe detailsof thethreadingmodeland
implementatiorthatareuniqueto anexisting hardwareplat-
form. Suchencapsulatioenableghedesignof higherlevel
abstractionggenericclasses)without worrying aboutsys-
temspecificdetails.

Justlik e the genericclassestherearetwo typesof spe-
cializedclassesspecializeghysicalclasse¢SPC)andspe-
cializedfunctionalclasse4SFC).The specializechatureof
theseclassesnakesthemsuitablefor singleuseonly.

6.1 SpecializedPhysical Classes

A specializedbhysicalclassis a classthatadaptsthe func-
tionality of a genericclassto a particularhardwarecompo-
nent.A specializedlassis derivedfrom its genericcounter
part. It completeghe implementatiorof its genericparent
andin somecaseoverridesthe genericimplementatiorby
onethatis suitedfor the particularrobotic system.In short,
they tie thegenericcomponentso theactualhardwarecom-
ponents.

This processs by farthemostdifficult andarduougask.
Eachhardwarecomponentomeswith its own architecture
andtheoryof operation.Eachgenericcomponengtlsopro-
videsits own behaior andtheoryof operation.Puttingthe
two togetherwithout carefuldesigncanresultin an archi-
tecturalmismatchandpoorsystemperformanceldeally we
wouldlik e to leveragethefeaturesof the hardwarearchitec-
tureandatthesametimefit it “nicely” into thegenericcom-
ponentsThisisthejob of thespecializeatlasseswhichim-
plementhebehaior definedby thegenericcomponentsis-

ing thefunctionality providedby thehardwarecomponents.

A completematchof functionalitycannotalwaysbeaccom-
plished.Therefore thesespecializedtlassesnustadaptthe
hardwareto the behavior to the extentpossible.

An example of specializedphysical classesare shavn
in Figure4. The Control | edMot or classis the GPC
that providesthe interfaceand partial functionality of con-
trolled motor operations.Two classesarespecializedrom

ControlledJoint

O
Below this are
Specialized Classes

v

‘VPARlOiBoard ‘ LM629_Chip ‘ ‘HCTL11007ChipH 12C ‘

‘ R7_ControlledMotor

Figure4: GenericandSpecialized\bt or classes

this class: the R7_Cont r ol | edMbt or which is usedin
theRodky 7 roverandthe R8_Cont r ol | edMot or which
is usedin the Roky 8 motor The Rody 7 implements
its motor controlusinga sharedparallelbus (implementing
usingthe digital /0O board- VPAR10) anda Rodky 8 im-
plementdts motor controlusingHCTL-1100control chips
and the serial 12C bus. The relationshipof theseto the
Control | edMvbt or classis throughinheritanceand ag-
gregation. This patternallows usersto instantiatea Con-
trol | edMbt or objectusingeitheroneof the specialized
classes.

6.2 SpecializedFunctional Classes

A specializedunctionalclassis a classthatis derivedfrom
its genericcounterpart:the genericfunctional class. It is
only usedin casesvhereanapplicationrequiresmorethan
parameteladjustmentf the algorithms. This specialized
adaptatiorallows the userto modify the functionality of the
genericalgorithmsandoverridecertainoperationgor apar
ticularimplementationTheseclassegrenotvery common.

Specializedtlassesaretypically applicationspecific. In
somecases,the genericcomponenttypesand their inter-
facesarenot sufficientfor a particularimplementatiorof an
algorithm. As a result,an extendedversionof the generic
componentanbeusedinstead.Usingthe extendedclasses
insteadof their genericcounterpartdimits the portability
to differentrobotic platforms. Algorithms that usegeneric
componentypesin theirimplementatiorwill operateusing
ary specializedderived)types.

7 An Example of the Manipulator
ClassHierar chy

Considerthe Roky 8 implementationof manipulation.
Rody 8 is a Mars rover prototypethat hasa four degree-
of-freedom (DOF) mastand a four DOF arm. Figure5
shavs the manipulator class hierarchy and its relation-
ship with its parent,aggrejates,and children. At the top
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of this hierarchyis the Mani pul at or classwhich is a
genericphysicalcomponent.This classis derived from the
Coor dMbt or s class. It alsoaggreatesa variable num-
berof Control | edJoi nt and Li nk objects. In other
words,amanipulatoiis a systemof coordinatednotorsthat
hasanumberof links andjoints. The Mani pul at or class
providesgenericfunctionality suchasindividualjoint mode
controlandglobalvelocity/acceleratiocontrol. It alsocon-
tains stratgyies for recovery from error conditions. Addi-
tionally, it provideshooksfor attachingto variousend ef-
fectors.

Two manipulator types can be derived from the
Mani pul at or class:the Seri al _Mani pul at or class
andthe Par al | el _Mani pul at or class. A serial ma-
nipulator is a robotic arm that concatenates. number of
joints and links. A parallel manipulatoris a mechanism
whoselinks areattachedn parallelto anoutputplane. An
exampleof a parallel manipulatoris the Stewart platform
that is usedin motion simulators. Thereis a duality in
the equationgyoverningthe kinematicsof serialandparal-
lel manipulators Serialmanipulatorshave relatively simple
forward kinematicswhile parallel manipulatorshave rela-
tively simpleinversekinematics.Hence the Seri al _Ma-
ni pul at or classhasthegenericforwardkinematicequa-
tions that will apply to all types of serial manipulators,
while the specializedR8_Ar mwill have the closed-form
inversekinematicsfor the particulararm. Similarly, the
Par al | el _Mani pul at or classwill havethegenericin-
versekinematics. Thereare numericalmethodsfor solv-
ing generainversekinematicproblemsfor serialmanipula-
tors. Thesecanalsobemadeavailablein the Ser i al _Ma-
ni pul at or class.Hybrid manipulatorghatcombineboth
serial and parallel linkagesare representedy a separate
class(notshavn here).

A serialmanipulatorcanbe usedasanarmor aleg for a
robot. It canbe mountedon a fixed platformor on a mobile
robot. Eachof theseoptionsrequiresadditionalfunctional-
ity andbehaior thata serialmanipulatormustsupport.For

example,it is helpfulfor amanipulatomountedonamobile
platformto know aboutthe mobility systemandbe ableto
controlit in somecasesOnesuchcases whenyou aretele-
operatingthisarm. If thearmwasnot awareof the mobility
systemasyou extendthe armto the edgeof its workspace,
thearmlosesdexterity andsoonbecomesingular But be-
causghearmknowsthatit is mountedonamobileplatform,
thenthe arm cancommandhe mobility systemto advance
the robot slightly so asto shift the workspaceof the arm
forward, keepingthearmin themostdexterousregion of its
workspaceThearminterfaceremainghe samebut its func-
tionality andworkspacereextended.Thisfunctionalitycan
be implementedwithin a Mobi | e_Mani pul at or class,
which usesa generic Loconot or classin its implemen-
tation. The Mobi | e_Mani pul at or is derived from the
Seri al _Mani pul at or class. Onetype of mobile ma-
nipulatoris the Rover _Mani pul at or class.In addition
to supportingthe functionality of a mobile manipulatoythe
Rover _Mani pul at or classextendsthe interfaceof the
Mobi | e_Mani pul at or classtoincludeadditionalopera-
tions,suchasst ow( ) ,unst ow() andotherroverspecific
functionality.

Consider the Rodky 8 rover, which defines two
specializedclassesderived from the Rover _Mani pu-
| at or class. They are the R8_Mast classand the
R8_Ar mclass. Theseclasseslefinethe joint configuration
andparameterdjnk typesanddimensionsinversekinemat-
ics, andotherpropertiesuniqueto thesemanipulators.

During the adaptatiorprocessof the armand mastsoft-
ware, the generic Rover _Mani pul at or classis spe-
cialized to an R8_Ar mand an R8_Mast classes. The
Rover _Mani pul at or classprovidesgenericforwardand
inversekinematics,joint motion control, trajectory track-
ing, conditional motion, and error recovery. The special-
ized R8_Ar mand R8_Mast classesspecify the link di-
mensions,joint limits, actuatortypes, and end effector
type. They also override the generic kinematicsof the
Mani pul at or classwith the closed-formkinematicsthat
arespecificallyderivedfor theseinstances.

8 Experimental Results- Running on
Differ ent Platforms

8.1 System & Computing Architecture of
Rocky 7

Rody 7 is a Marsrover prototypethathassix drive wheels
with a rockerbogey mobility mechanism. It has two
steerabldront wheelsandfour non-steerabldackwheels.
Mountedonto the rover platform are two manipulators:a
two degree-of-freedonfDOF) armwith two independently
actuatedscoopsanda threedegree-of-freedonmast. The
armhasa shoulderroll anda shoulderpitch, while themast
hasanadditionalelbaw pitch. Threepairsof stereccameras
aremountedon the rover: a stereocameragpair is mounted
onthemast,andtwo stereccamergairsaremountedonthe



Figure7: The PDM mockuprover

front andbacksidesof the vehicle. The computingsystem
consistof a3U VME backplanevith a60 MHz 68060pro-
cessomwith on-boardEthernettwo CX100frame-grabbers,
a VPAR10 digital 1/0O board, and a VADC20 analogl/O
board. The main processorunsa VxWorks 5.3 real-time
operatingsystem.EachactuatorDC brushed)s controlled
by aseparatenicro-controlleLM629) usingan8 bit paral-
lel busthroughthe VPAR10. The on-boardprocessocom-
municateswith anexternalhostvia a wirelessEthernet.

8.2 System & Computing Architecture for
PDM mockup

The PDM mockup (seeFigure 7) is a fixed manipulation
platform with a 4-DOF arm and a 4-DOF mastmounted
ontothe platform. Both the mastandthe armhave a similar
joint configurationwhich include a shoulderroll, a shoul-
der pitch, an elbow pitch anda wrist pitch. The arm hasa
singleDOF gripperwhile themasthasa stereccameragpair.

The computingsystemis differentthan Rodky 7 and con-

sistsof a 3U cPClbackplanevith a300MHz Pentiumpro-
cessomwith on-boardEthernettwo PX610frame-grabbers,
anda Sensoraydigital I/O board. The main processoruns
a VxWorks 5.3 real-time operatingsystem. Eachactuator
(DC brushed)is controlledby a separatemicro-controller
(LM629) connectedo the Sensorayoardl/O board. The
on-boardprocessocommunicatesvith anexternalhostvia
awired Ethernetat a maximumthroughputof 10 MB/sec.

8.3 Implementation Results

The Roky 7 rover and the PDM mockup have different
physical characteristicas well as different hardware im-
plementationsPartsof the CLARAtyFunctionalLayer has
beenimplementedand testedon both systems. On the
Rody 7 rover, we were able to demonstrateparallel ex-
ecution of arm, mastand mobility operations. We also
demonstratecontinuousdriving and autonomousvision-
basedsample acquisition with parallel execution of the
vision processingand the drive commanding. On the
PDM mockup,we were ableto demonstraterision-based
sampleacquisitionfrom afixedplatformsharingabout60%
of the FunctionalLayercode.This percentageavill increase
as we further develop the genericframewnork. The pro-
posedarchitecturavasflexible, easyto use,andlight-weight
(memoryandspeed) Simultaneousnultiple taskoperations
were easyto invoke even whenthereare sharedresources
thatneededo beresoledat high context switchingspeeds.
For example bothsystemaisedashared bit parallelbusto
controltheir actuators).This resourcavasmanagedocally
within the Cont r ol | edMbt or class.

9 Future Work

We planto continuethe developmentof the Functionaland
DecisionLayersof the CLARAtyarchitecture.We will be
implementingthe interfacebetweenthe two layersfor the
resourcequeries.We will alsodevelopthevariousdomains
of the FunctionalLayer which include Input/Output,Mo-
tion Control, Mobility and Navigation, Manipulation,Per
ceptionand Vision, ResourceManagementSystemCon-
trol, CommunicationandSensorandinstrumenfrocessing
packages.

10 Acknowledgments

The work describedn this paperwascarriedout at the Jet
PropulsionLaboratory California Institute of Technology
underacontractto the NationalAeronauticsand SpaceAd-
ministration.

References

[1] R.Alami etal. An Archtecturefor Autonomy. International
Journal of RoboticsReseath, 17(4),April 1998.



(2]
(3]

(4]
(5]

(6]

(7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

RonaldC. Arkin. Motor schemabasedmbilt robot naviga-
tion. Int’l Journal of RoboticsReseath, 4(8):92-1121989.

Matthev H. Austern. Generic Programmingand the Stl:
Using and Extendingthe C++ Standad TemplateLibrary.
Addison-Weésley ProfessionalComputing Series, Reading,
MA, October1998.

J.Borrelly etal. The ORCCAD Architecture. International
Journal of RoboticsReseath, 17(4),April 1998.

Rodng A. Brooks.A robustlayeredcontrolsystenfor amo-
bile robot. IEEE Transactionn Roboticsand Automation
2(1):14-231986.

Bruce Pavel Douglass. Real-Tme UML - DevelopingEffi-
cientObjectsfor Embedded®ystemsAddison-Wesley Long-
man,Inc., ReadingMA, December998.

TaraEstlin, Gregg RabideauParrenMutz, and Steve Chien.
Usingcontinuousplanningtechniqueso coordinatemultiple
rovers.In Proceeding®f the [ JCAI99Wbrkshopon Sthedul-
ing and Planning meetReal-timeMonitoring in a Dynamic
andUncertainWbrld, Stockholm,SwedenAugust1999.

R. Firby. AdaptiveExecutionin Complex Dynamic\Wbrlds.
PhD thesis, Yale University, Departmentof ComputerSci-
ence,1989.

ForestFisher Steve Chien, Leslie Paal, Emily Law, Nassar
Golshan,and Michael Stoclett. An automateddeepspace
communicationsstation. In Proceedingsf the 1998 IEEE
AerospaceConfeence Aspen,CO, March1998.

E. Gat. On Three-LayerArchitectures. In D. Kortenkamp,
R. BonnassoandR. Murphy; editors,Atrtificial Intelligence
andMobile Robots Boston,MA, 1998.MIT Press.

R. Knight, S. Chien,T. Starbird,K. Gostelav, andR. Keller.
Integratingmodel-basedrtificial intelligenceplanningwith
procedurakelaborationfor onboardspacecraft.In Proceed-
ingsof SpaceOps200Q Toulouse France June2000.

K. Konolige, K. Myers, E. Ruspini,and A. Safiotti. The
saphiraarchitecture:A designfor autonomy Journal of Ex-
perimentaland Theoketical Artificial Intelligence 9(1):215—
235,1997.

Maja J. Mataric. Behavior-basedcontrol: Examplesforom
navigation, learning,andgroupbehaior. Journal of Exper
imental and Theoketical Atrtificial Intelligence 2—3(9):232—
336,1997.

I.A. NesnasandM.M. Stansic. A roboticsoftwaredeveloped
using object-orienteddesign. In ASMEDesignAutomation
Confeence Minnesota,1994.

Lynn Parker. Alliance: An architecturefor fualt tolerant
multi-robot coorperation. In ORNL TM12920,0ak Ridge
National Laboratory, OakRidge, TN, 1995.

G. Pardo-CastelloteS. Schneider V. Chenand H. Wang.
Controlshell:A softwarearchitecturdor complex electrome-
chanicalsystems.Int’l Journal of RoboticsReseath, 17(4),
April 1988.

R. Simmonsand D. Apfelbaum. A TaskDescriptionLan-
guagefor RobotControl. In IEEE/RSJIntelligent Robotics
and System€onfeence Vancouer CanadaQctober1998.

ReidSimmonsandDavid Apfelbaum.A taskdescriptiorlan-
guagefor robotcontrol. In Proceeding®f the International
Confeenceon Intelligent Robotsand SystemsVancouer,

CanadaQctober1998.

Mobility Software. http://isrobotics.com/rwi/softare.htm.
RealWorld Interface,a division of IRobot, Somerville,MA.

[20] R.Volpe,l. NesnasT. Estlin,D. Mutz, R. PetrasandH. Das.

The claraty architecturefor robotic autonomy In Proceed-
ingsof the2001IEEE AerspaceConfeence Big Sky, Mon-
tana,March2001.



